Featured Application: Hard shoulder running (HSR) has been increasingly used in recent years as a more sustainable way to alleviate congestion and increase the efficiency of freeways in many countries. We found that freeways experienced more crashes after installing HSR, but most of the crashes were less severe. Hence, caution should be exercised when designing and implementing hard shoulder running to reflect the trade-off between improvements in efficiency and a reduction in safety. Also, HSR installation on lengthy freeways with two travel lane configurations (without HSR) should be avoided.
Introduction

Background
Traffic congestion increases travel time and time wasted in delays, which will incur an economic cost to both road users and society as a whole [1] . Like many developed countries, South Korea experiences frequent and vocal driver complaints resulting from freeway traffic congestion [2] [3] [4] . To deal with driver complaints and the potential economic losses, the South Korean government has dedicated US$27 billion over 10 years to freeway operation improvement programs, which include roadway improvements, roadway operation improvements, ramp control, managed lanes, and high-occupancy vehicle treatments. These efforts have paid off and contributed to a steady decline in traffic congestion [5] [6] [7] [8] . Nevertheless, transportation engineers are still seeking more ways to increase the capacity and efficiency of the road network, especially by using more sustainable ways to increase the utilization of existing road infrastructures.
One way to increase highway capacity and efficiency using a more sustainable approach is to make greater use of the freeway shoulders. The cross section of an existing freeway is modified by One way to increase highway capacity and efficiency using a more sustainable approach is to make greater use of the freeway shoulders. The cross section of an existing freeway is modified by converting all or part of the shoulder into an additional lane and adjustment of the width of adjacent travel lanes is sometimes required as well. The lane created by this method is called hard shoulder running (HSR). Compared to the traditional method of increasing capacity by building more roads or constructing more lanes, HSR can be considered more sustainable because it utilizes the existing road shoulder during peak traffic hours to increase the road capacity. HSR has been increasingly used in Europe and North America to mitigate freeway congestion in a more sustainable way [9] [10] [11] [12] . Also, compared with roadway expansion, which usually costs about US$13.6 million per km in South Korea, a hard shoulder lane costs only about US$0.58 million per km [13, 14] . HSR was first adopted in South Korea a decade ago and is today gaining recognition within the general public as a favorable, low-cost alternative to tackling the congestion problem [15, 16] .
On the other hand, transportation engineers in South Korea are divided in terms of their support for this design. The biggest concern for some engineers is a potential decrease in road safety. The purpose of having a road shoulder is to serve as an emergency stopping lane for motorists and to allow for recovery of errant vehicles before a potential collision occurs [17] . Its omission may therefore result in more frequent vehicle crashes [18] [19] [20] . The Korea Expressway Corporation (KEC), the central authority for operating the freeway system, acknowledges that vehicle crashes in freeway sections with HSR have increased [21] . As shown in the lower half of Figure 1 , there were a total of 350 vehicle crashes in the three years before the introduction of HSR in the seven freeway corridors, but the number of vehicle crashes increased to 493 in the three years after the introduction of HSR in the same freeway corridors [21] . On the other hand, as shown in the top half of the figure, the number of crashes for the entire freeway (with and without HSR) has fallen for the corresponding before and after periods. Nevertheless, public support for the application of HSR remains strong in South Korea and proponents argue that there is no valid statistical evidence of more crashes with HSR in South Korea; also, there is international evidence that suggests it does not increase crashes [10] . Moreover, as shown in Figure 2 , the repaved shoulder in South Korea is usually equipped with a lane control system that should mitigate safety concerns. Also, part of the increase in vehicle crashes could be attributed to an increase in traffic flow from an average of 119,793 vehicles/day to 134,480 vehicles/day. The increase in travel, whether for work or leisure, would contribute to the economy and improve the quality of life for users. Nevertheless, public support for the application of HSR remains strong in South Korea and proponents argue that there is no valid statistical evidence of more crashes with HSR in South Korea; also, there is international evidence that suggests it does not increase crashes [10] . Moreover, as shown in Figure 2 , the repaved shoulder in South Korea is usually equipped with a lane control system that should mitigate safety concerns. Also, part of the increase in vehicle crashes could be attributed to an increase in traffic flow from an average of 119,793 vehicles/day to 134,480 vehicles/day. The increase in travel, whether for work or leisure, would contribute to the economy and improve the quality of life for users. [19, 20, 24] . "Practicing traffic engineers generally believe that decreased congestion resulting from hard shoulder running is associated with some unspecified degree of improved safety; yet, the majority opinion among researchers is that accident rates increase with an increase in the number of lanes, even if full shoulders are provided. Despite many years of modern road building, these conflicting views have not been reconciled" [19] . Therefore, more studies need to be conducted to better understand the safety effect of this design feature. 
Safety Effects of HSR in South Korea
There are several reasons why HSR might lead to an increased crash risk. This study will focus on three possible driver-geometric explanations that are more relevant to South Korea. The first reason is drivers' low familiarity with HSR. Since many freeway motorists in South Korea do not often experience hard shoulder running, they may not be familiar with driving within this new crosssectional design. The general look and feel of a road and roadside environment have significant effects on road users' attention, the routes they choose, and the speeds at which they choose to drive [25] [26] [27] . Therefore, freeway motorists' lack of familiarity with HSR design may contribute to more driving errors [19] .
A second reason is the poor lane positioning of vehicles in HSR [28] [29] [30] [31] . A reduction or elimination of shoulders will potentially have an impact on the lane positioning of vehicles. Based on the results of his earlier study, one researcher recommended a two-foot minimum shoulder width for a concrete median barrier [32] . In one of the few studies conducted in South Korea, it was found that the design criteria for satisfying the minimum 1.25 m shoulder width had a significant impact on crash occurrences [33] . Since hard shoulder running is built with a shoulder width of less than 0.5 m in South Korea, drivers may have difficulty keeping proper lane positioning and thus, presumably, experience more crashes.
A third possible reason is the unpredictability of drivers' speed before and after the implementation of HSR. One study found that the cues drivers used to select their driving speed on highways were derived mostly from peripheral vision [34] . In HSR, the peripheral vision may be different from that on normal freeway sections, because the lateral clearance on the right side of the freeway travel lane is greatly reduced or no longer exists. Clearly, any deterioration in drivers' ability to estimate the correct speed will increase their crash risks.
In summary, we have sufficient reasons to hypothesize that the vehicle crashes occurring in HSR in South Korea may be associated with inappropriate driver performance due to low familiarity, the elimination of shoulder width, and changed peripheral vision.
Objectives of Study
The aim of this study is to evaluate the safety effect of HSR by applying the EB (empirical Bayes) methodology to crash data from South Korea collected before and after the HSR trials. More The authors' review of the literature suggests that the international evidence on HSR is mixed [9] [10] [11] [12] [18] [19] [20] [22] [23] [24] . More importantly, conflicting results and views have yet to be reconciled [19, 20, 24] . "Practicing traffic engineers generally believe that decreased congestion resulting from hard shoulder running is associated with some unspecified degree of improved safety; yet, the majority opinion among researchers is that accident rates increase with an increase in the number of lanes, even if full shoulders are provided. Despite many years of modern road building, these conflicting views have not been reconciled" [19] . Therefore, more studies need to be conducted to better understand the safety effect of this design feature.
Safety Effects of HSR in South Korea
There are several reasons why HSR might lead to an increased crash risk. This study will focus on three possible driver-geometric explanations that are more relevant to South Korea. The first reason is drivers' low familiarity with HSR. Since many freeway motorists in South Korea do not often experience hard shoulder running, they may not be familiar with driving within this new cross-sectional design. The general look and feel of a road and roadside environment have significant effects on road users' attention, the routes they choose, and the speeds at which they choose to drive [25] [26] [27] . Therefore, freeway motorists' lack of familiarity with HSR design may contribute to more driving errors [19] .
Objectives of Study
The aim of this study is to evaluate the safety effect of HSR by applying the EB (empirical Bayes) methodology to crash data from South Korea collected before and after the HSR trials. More specifically, this study will determine whether HSR will increase drivers' crash risk, with a special focus on the safety effect of cross-sectional design elements, such as the number of lanes and length of HSR. In addition to these design elements, mean speed, traffic volume, and truck percentage are examined in the safety performance function, because these values are stable and reliable predictors of crash occurrences [35] [36] [37] [38] . Moreover, this study will add to the literature because of the differences in design, traffic conditions, and reactions of drivers in South Korea and the use of the EB method, which is more rigorous than what was used in some previous studies on the safety effects of HSR.
Methodology
This study uses the EB method to evaluate the safety effect of HSR and to identify the factors contributing to crashes. The existing literature indicates that three years is the most common choice for the timeframe for before-after collision studies, because traffic flow for three years is unlikely to have changed a great deal [39] and this period is expected to provide a relatively reliable sample. In December 2015, there were eight freeway corridors with HSR [14] , in which 32 different HSR sections were constructed. The total length was 222.6 km. Of the 32 sections, this study selected 22 HSR sections with a total length of 162.15 km, for which complete data were available (see Table 1 ). In terms of the number of traffic lanes, the selected sites consisted of 14 eight-lane freeways, one six-lane freeway, and seven four-lane freeways. Their construction period ranged from 2009 to 2013. Note: * 4(5) lanes indicates that a site has four lanes without a hard shoulder and five lanes with a hard shoulder.
In applying the EB method for before-after studies, one critical element is the availability of a safety performance function (SPF). An SPF is an equation/regression model that is used to predict the average number of crashes per year at a location as a function of exposure and geometric design elements (number of lanes, length of section, etc.). While the Highway Safety Manual [17] has specified SPFs for typical roadway sections developed from data in the USA, researchers can also develop SPFs that relate directly to their site-specific conditions. For this study, an SPF was developed using a select set of reference sites that have similar traffic and geometric conditions to those of the treatment sites. Therefore, this study selected 22 freeway sites located immediately upstream and downstream of a HSR, as well as 86 freeway sections located on the same freeways but farther away from the HSR sites (see Table 2 ). Data on these sites were used in the estimation of the safety performance function used in the EB method. Lastly, to determine the various safety effects of deploying HSR in freeways, this study examined its effects on serious crashes (those involving injuries and/or fatalities), property damage only (PDO) crashes, and total crashes. This approach was required because the crash impact from each independent variable on the dependent variables would be different in the safety performance functions. Moreover, it would also provide useful information on the effects of HSR on crashes of different severity levels.
Data
The motor vehicle crash data used in this study were extracted from vehicle crash data collected by KEC. The data about the HSR in this study were provided by the Korean Expressway Corporation. The data included information on total coverage length, opening dates, and roadway conditions, as well as traffic and vehicle factors. The traffic flow data for the selected sites were provided by an Internet portal site that was being operated by the KEC. They applied a vehicle detection system to collect real-time traffic flow information. To be consistent with the existing literature, the freeway lengths used were 0.3-0.5 km for spot speed analysis and 2.0-3.0 km for segment analysis [39] . Traffic flow characteristics and roadway features for the before and after conditions are listed in Table 1 .
Empirical Bayes Method
The aim of this study was to evaluate the safety effect of HSR by applying the EB methodology [40, 41] to crash data from South Korea for before and after HSR trials. The EB method is commonly used by transportation safety analysts for conducting different types of safety analyses, such as before-after studies and hotspot analyses [42] [43] [44] [45] [46] . It enables researchers to control for several critical factors such as regression-to-the-mean effect, long-term trends, and exogenous changes in traffic volume [47] .
In order to apply the EB method, we need to develop a safety performance function. The negative binomial model is selected because of the presence of overdispersion in the data. The general form of the negative binomial model is given below:
where y i is the crash count at site i; µ i is the expected number of crashes at site i; β 0 , β 1 , β k are the parameters to be estimated; x i1 , . . . , x ik are the explanatory variables for neighborhood i; α is the dispersion parameter. The EB method is then applied to determine the expected crash occurrences:
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where k is the expected number of crashes before treatment; λ is the model-predicted number of crashes before treatment; w is the weight given to the model-predicted number of crashes; K is the recorded number of crashes before treatment.
Results
Estimates for each of three safety performance functions are given in Table 3 . As expected, traffic volume, share of truck traffic, average speed, number of lanes, and length of road sections all have a significant effect on the total number of crashes and number of property damage only crashes. However, only truck traffic and section length have a significant effect on the number of serious crashes.
On the other hand, lane width and shoulder width have been found to be insignificant. Table 4 shows the estimated long-term expected numbers of crashes for the 22 freeway sites with HSR versus the actual crash numbers in those sites. As expected, increases were found for all crash types in aggregate (the sum of all 22 sites). However, the increase in the number of serious crashes (those involving injuries and/or fatalities) was relatively small (x s = 4.5 − 4.4) compared to property damage only (x pdo = 17.9 − 15.5) and total crashes (x t = 22.4 − 19.1). Thus, freeway motorists operating on HSR appeared to be involved in crashes more frequently, but most of the crashes were less severe. Part of the increase may result from drivers' risky behaviors within HSR areas. Some of the drivers may be unfamiliar with the changed freeway driving environment due to HSR and may engage in unexpected vehicle maneuvering. 
Discussion
Our finding that installing HSR on freeways leads to increases in crashes is consistent with previous studies from the USA [48, 49] and Austria [50] , but in contrast with the results obtained in another study from the USA [19] , two studies from Germany [51, 52] , a study from the United Kingdom [53] , and one from France [23] . some of the differences in the results obtained may be attributed to differences in the driving culture between countries, while some of the differences may be due to the methods used to evaluate the safety impact. Most of the studies did not perform any before-after analysis, except one [23] that also used an empirical Bayes method.
It should be noted that the number of freeway travel lanes also has an effect on crash frequency in sites with HSR. When total crash numbers are compared, the largest increase is found for sites with 4(5) lanes (four lanes without HSR and five lanes with HSR), with an estimated increase of 45.0 crashes. On the other hand, a moderate increase is found for 2(3) lanes, with an estimated increase of 8.7 crashes, and even a small reduction is found in the case of 3(4) lanes, with an estimated decrease of 1.4 crashes. However, in terms of crash severity, 25.3% of the estimated increase in crashes on 2(3)-lane sections is serious crashes (those involving injuries and/or fatalities), while only 3.6% of the increase in 4(5)-lane sites consists of serious crashes. The finding from this study on the effect of the number of lanes on crash frequency is consistent with a previous study that found that the increase in accident rate in 2(3)-lane freeways to be higher than the increase in accident rate for 3(4)-lane freeways [50] . Thus, it is advised that HSR should be applied with caution to freeways with two travel lanes.
Moreover, further analysis of the results reveals a positive relationship between the length of the HSR and changes in crash frequencies. The estimated correlation coefficient between length and changes in total crashes (actual number of total crashes -expected number of total crashes) is positive and statistically significant (r = 0.468, p = 0.028). Similarly, the estimated correlation coefficient between length and changes in serious crashes (actual number of serious crashes -expected number of serious crashes) is positive and statistically significant (r = 0.591, p = 0.004). These findings are consistent with previous studies on the safety effects of HSR [22, 49, 50] . The results are expected as an increase in freeway length increases exposure, which is a significant contributing factor to crash frequency. Also, more traffic flow disturbance is expected to occur with longer designs than with shorter designs, and consequently, traffic incidents will be more likely to occur. Therefore, we recommend that lengthy HSR should be avoided.
On the other hand, further analysis of the results reveals no relationship between lane width and changes in the frequency of total crashes (r = 0.159, p = 0.478), between lane width and changes in the frequency of serious crashes (r = −0.114, p = 0.612), between shoulder width and changes in the frequency of total crashes (r = 0.175, p = 0.436), and between shoulder width and changes in the frequency of serious crashes (r = 0.004, p = 0.987). These results are in contrast with those obtained in previous studies [32, 33] that found a relationship between width values and crash occurrences. The results of this study may be due to small changes in the lane and shoulder widths for the sites included in this study.
Conclusions
HSR has been increasingly used in recent years as a more sustainable way to alleviate congestion and increase the efficiency of freeways in many countries. However, some engineers are concerned with their effect on safety. Moreover, several studies on the safety effects of HSR have produced mixed results. This study evaluates the safety effect of HSR by applying the EB (empirical Bayes) methodology to crash data from South Korea collected before and after HSR trials.
This study found that freeways with HSR experienced crashes more frequently, but most of the crashes were less severe. In terms of crash severity, a higher proportion of crashes (25.3%) on 2(3)-lane sections were found to be serious (involving injuries and/or fatalities) compared to 4(5)-lane sections (3.6%). Finally, a positive relationship was found between the length of the HSR and changes in crash frequencies. Hence, caution should be exercised when designing and implementing HSR to reflect the trade-off between improvements in efficiency and a reduction in safety. Also, HSR on lengthy freeways with 2(3)-travel lane configurations should be avoided. 
